The genus Bacteroides contains a number of biochemically and physiologically heterogeneous groups of organisms and needs taxonomic revision. In this study cellular fatty acids from a number of Bacteroides spp. were identified and quantified using gas chromatography and gas chromatography-mass spectrometry. The chemical data were then subjected to principal components analysis. In B. fragilis, which is the type species of the genus Bacteroides, C3-OH-iso, was the predominant fatty acid (38.0%) and Cantel was present in higher amounts (32.7 %) than Ciso, (14.6 %). Principal components analysis also enabled the closely related P. buccae, P. oralis and P. oris to be differentiated.
Introduction
Bacteroides species are obligately anaerobic, Gramnegative, non-motile and motile rods commonly encountered in polymicrobial infections at various sites in humans and animals, including the oral cavity, the urinary, gastrointestinal and respiratory tracts, and postsurgical wounds (Finegold & George, 1989 ). Due to their major role in anaerobic infections of these sites, Bacteroides species have been under intensive study in recent years.
According to the Approved Lists of Bacterial Names (Moore et al., 1985) , the genus Bacteroides comprises more than 50 species and has been used continuously as a repository for a varied collection of obligately anaerobic, Gram-negative, non-sporing, rod-shaped bacteria (Shah & Collins, 1989) . Therefore, this genus now contains biochemically and physiologically heterogeneous groups of organisms and is in need of taxonomic revision. Some efforts have been made already to achieve this. Several Bacteroides species have been proposed to have separate generic status, e.g. Anaerorhabdus for B. furcosus (Shah & range and is biochemically and taxonomically homogeneous (Shah & Collins, 1983; Collins & Shah, 1987) . Also, rRNA homology studies have shown that B. fragilis and related species are coherent and distinct from other Bacteroides species (Johnson & Harich, 1986) .
In the past, the genus Bacteroides was frequently speciated according to the production of pigmented colonies on blood agar, its sugar fermentative ability, and the sensitivity to bile. However, the patterns of fatty acids, polar lipids and isoprenoid quinones may also assist in rationalizing the systematics of these organisms (for a review, see Wilkinson, 1988) . The present study, applying principal components analysis of fatty acid data from whole cells, was undertaken in an attempt to clarify further the inter-and intrageneric relationships of Bacteroides. Gas chromatographic (GC) and gas chromatographic-mass spectrometric (GC-MS) analyses of the cellular fatty acid composition are generally accepted as suitable and reliable methods in microbial chemotaxonomy (Brondz & Olsen, 1986; Lechevalier & Lechevalier, 1988) . We have previously used multivariate analyses of cellular fatty acid data, obtained through GC and GC-MS analyses, to define genera of bacteria and yeasts such as Porphyrornonas (Brondz et al., 1989 a) , Actinobacillus, Haernophilus and Pasteurella , Treponerna (Brondz et al., 1991) , and Candida, Torulopsis and Saccharomyces (Brondz et al., 1989b; ).
Methods
Organisms and growth conditions. Bacterial strains used in this study are listed in Table 1 . The reference strains were obtained directly from the American Type Culture Collection (ATCC) or the German Collection of Micro-organisms and Tissue Cultures (DSM), except Prevotella (Bacteroides) heparinolytica which was received from Dr K .
Okuda, Tokyo Dental College, Tokyo, Japan, P . (B.) veroralis, which was sent to us by Dr H. N. Shah, London Hospital Medical College, London, UK, and Porphyromonas (Bacteroides) endodontalis strains HG 18 1 and 182, which were received from Dr G. Sundquist, University of UmeA, UmeA, Sweden. All clinical isolates were from necrotic root canals (Sundquist, 1976; Van Steenbergen et al., 1984; Van Winkelhoff et al., 1985; Haapasalo, 1986) . For fatty acid analyses, the organisms were grown for 2-5d at 37°C under anaerobic conditions in Mycoplasma broth (BBL) supplemented with menadione (0.5 mg l-'), haemin (5 mg 1-I) and cysteine (0.5 g 1-l), harvested by centrifugation, washed in distilled water, and lyophilized.
Methanolysis and derivatization.
Lyophilized whole cells were methanolysed with 2 M-HCl in anhydrous methanol for 24 h at 95 "C (Brondz & Olsen, 19846) . Excess methanol/HCl was evaporated with a stream of N2 in an ice-bath and the methanolysate was then extracted Fatty acids of Bacteroides spp. 1447 with n-hexane. HCl, methanol and n-hexane were obtained from E. Merck. The above procedure was used for routine examination of fatty acid contents. For assessment of hydroxy fatty acids, the hydroxy groups were derivatized with trifluoroacetic acid anhydride. This was done in a 7 : 3 (v/v) mixture of acetonitrile (Rathburn Chemicals) and trifluoroacetic acid anhydride (Fluka Chemie) at 90°C for 3 min. Before GC the solution was diluted with acetonitrile so that it contained 10% trifluoroacetic acid anhydride.
GC and GC-MS.
A model 8700 gas chromatograph (Perkin Elmer) was used for fatty acid analyses. The column was an HP Ultra 1, 25 m x 0.20 mm i.d. Helium was the carrier gas, at a flow rate of 1-5 ml min-I. The temperature of the injector was 200"C, and the temperature of the flame-ionization detector was 275 "C. The programme was as follows : the temperature was held for 1 min at 90 "C and then rose from 90 "C to 275 "C at a rate of 6 "C min-'. The attenuator was set at 16. Paper speed was 5 mm min-I. The sample (0.2pl) was delivered as a splitless injection. The identities of the methanolysed and methanolysed and derivatized fatty acids were established by direct co-c hromatograph y with authentic standards and by GC-MS (Brondz & Olsen, 1984b; . From each duplicate sample two independent derivatizations were made, and three injections were made from each of the latter. The quantity of the substances, expressed as the relative percentage, was calculated from the area under each peak and corrected with the molar response factor (Brondz & Olsen, 19846) . The sum of the identified substances was considered to be 100%. For identification of fatty acids, methyl ester standards of decanoic, dodecanoic, tetradecanoic, pentadecanoic, hexadecanoic and octadecanoic acids were obtained from Sigma. Bacterial acid methyl esters mixture CP, gas-liquid chromatography standard mixture GLC 70, American Oil Chemists' Society oil reference mixture, RM-1 rapeseed, National Institutes of Health reference mixtures and FA-FAME kit 14 were obtained from Supelco.
13-Methyltetradecanoic acid methyl ester, methyl-12-methyltetradecanoic acid ester, methyl-14-methy1hexadecanoic acid ester, methyl-14-methylpentadecanoic acid ester, methy1-15-methy1hexadecanoic acid ester and methyl-1 1 -methyltridecanoic acid ester were from Larodan Fine Chemicals. Phenol/water extracted lipopolysaccharides from Porphyromonas (Bacteroides) gingivalis ATCC 33277T (Brondz et al., 1989a) and Actinobacillus (Haemophilus) actinomycetemcomitans ATCC 33384T (Brondz & Olsen, 1984a) were also used as standards for identification of fatty acids.
Statistical analyses.
Principal components analysis (PCA) (Joliffe, 1986; Wold et al., 1987) was used for quantitative analysis of fatty acid data. With this method the original space for variable measurements was projected down onto two low-dimensional subspaces. One of these was sample-related, the other was variable-related. By plotting the sample-oriented parameters t , versus t 2 , information on the dominating behaviour of the samples was gained, and by plotting the variable loadings p1 versus p 2 , information was obtained on which variables contributed to the corresponding sample-oriented projection. The complexity and stability of both models was determined by crossvalidation (Wold, 1976 (Wold, , 1978 .
Results

GC and GC-MS analyses
The distribution of fatty acids in whole-cell methanolysates from the non-pigmented and pigmented species tested is shown in Table 2 . Thirteen different fatty acids including normal fatty acids, saturated fatty acids, isoand anteisobranched fatty acids and hydroxy fatty acids were detected. Unsaturated fatty acids were not found. It was noteworthy that B. fragilis, the type species of the genus Bacteroides, differed from all other species examined by having 3-hydroxy-15-methylhexadecanoic acid (C3-OH-iso1 ,) as the predominant acid. Further, the 12-methyltetradecanoic acid (Cantel 5 ) content was greater than the 13-methyltetradecanoic acid (Cisol 5) content in this organism. Other characteristic findings were as follows : in most saccharoclastic, non-pigmented organisms [Prevotella (Bacteroides) buccae, P . (B.) oris, P . (B.) oralis, P. (B.) veroralis and P. (B.) disiens] 12-methyltetradecanoic acid was the predominant fatty acid, whereas in asaccharoclastic, black-pigmented organisms [Porphyromonas (Bacteroides) endodontalis] and in the saccharoclastic, non-pigmented Preuotella (Bacteroides) heparinolytica, 1 3-methyltetradecanoic acid predominated. Porphyromonas (Bacteroides) endodontalis, Prevotella (Bacteroides) heparinolytica, and, as mentioned, B. fragilis, contained large amounts of 3-hydroxy-15-methylhexadecanoic acid. Whereas 13-methyltetradecanoic acid constituted a significant portion of the cellular fatty acids in Prevotella (Bacteroides) oris, the content was much lower in P. (B.) buccae and P. (B.) oralis. P . oralis seemed to have a higher content of hexadecanoic (C16:J acid than the other organisms.
St at is t ical analyses
In the PCA, the two principal score vectors, t l and t2 were plotted against each other (Fig. 1) . This sampleoriented (i.e. bacterial-strain-oriented) projection described the two largest variants of the data matrix in Table 2 . The two principal components, t l and t Z , accounted for 33.1 % and 26.4%, respectively, of the variance. In this projection, Prevotella (Bacteroides) buccae (samples 1, 2, 3 and 6) and P . (B.) oralis (samples 9, 10 and 11) constituted two overlapping groups of The first and the third principal score vectors, t l and t3, were also plotted against each other (Fig. 2) . This sample-oriented projection described the largest and the third largest variant of the data matrix, constituting 33-1 % and 1 l-O%, respectively, of the variance. In this projection there was a possible separation of Prevotella (Bacteroides) buccae (samples 1, 2, 3 and 6) and P. (B.) oralis (samples 9, 10 and 1 l), but no definite conclusion (samples 16, 17, 18 and 19) . A complete line (-) surrounds samples representing the same species; closely related species are surrounded by a dashed line (---).
Fig. 2. Sample-oriented principal components projection ( t , versus t3).
These two principal components describe 33.1 % and 11.1 %, respectively, of the variance of the data in Table 2 . Sample numbers are as in Fig. 1 . A complete line (-) surrounds samples representing the same species; closely related species are surrounded by a dashed line (---). Fig. 3 . Sample-oriented principal components projection ( t , versus t2). These two principal components describe 38.0% and 24-3 %, respectively, of the variance in the data (Table 2) (C34H-1 s) ; 10, 15-methylhexadecanoic acid (Clsol 7); 11, 14-methylhexadecanoic acid (Cantel 7); 12, 3-hydroxyhexadecanoic acid (C34H-16); and 13, 3-hydroxy-15-methylhexadecanoic acid (C3.0H-lso1 7). It can be seen from the plot that the variables that contribute most to the first score vector (tl) are variables 13 and 8, and those variables that contribute most to the second score vector ( t z ) are variables 1, 3, 5,4,9 and 6. (See text for description of method.) could be made. Separation of the other species examined, however, remained distinct. B. fragilis was distant from species proposed to belong to Porphyrornonas (Shah & Collins, 1988) and Prevotella (Shah & Collins, 1990 ).
To determine whether P . (B.) buccae, P. (B.) oris and P .
(B.) oralis really differed in their fatty acid contents, a PCA was done exclusively for these species. In the sample-oriented projection shown in Fig. 3 the two largest variants, tl and t Z , described 38.0% and 24-3%, respectively, of the variance in the fatty acid data (Table  2) (samples 9, 10 and 11) . I. Brondz 
and others
The variables (i.e. bacterial characters, Table 2 ) that contributed most to the first score vector ( t l ) were those with high absolute loading values, namely variable 13 (3-hydroxy-15-methylhexadecanoic acid) and variable 8 (hexadecanoic acid) (Fig. 4) . Those variables that contributed most to the second score vector (t2) were variables 1 (1 1-methyldodecanoic acid), 3 (1 2-methyltridecanoic acid), 5 (1 3-methyltetradecanoic acid), 4 (tetradecanoic acid), 1 1 (14-methylhexadecanoic acid), 9 (3-hydroxypentadecanoic acid) and 6 (1 2-methyltetradecanoic acid).
Discussion
The present study, which used PCA of cellular fatty acid data, has provided new information on the intrageneric and intergeneric relationships of Bacteroides. The fatty acid content of the bile-resistant, non-pigmented B. fragilis was similar to that reported previously (Brondz et al., 19890) . B. fragilis was the only species where the C3-OH-iso17 acid dominated and the Cantel acid content was higher than that of the Cisol 5 acid and is thus entirely different from the other species examined. The present findings support the proposal that B. fragilis and closely related species, should form the genus Bacteroides sensu stricto (Collins & Shah, 1987; Shah & Collins, 1989) .
Whereas asaccharoclastic, black-pigmented organisms, as represented by Porphyrornonas (Bacteroides) endodontalis, contained large amounts of 1 3-methyltetradecanoic acid (Cisol 5 ) , most saccharoclastic, bile-sensitive, non-pigmented species [Prevotella (Bacteroides) buccae, P. (B.) oris, P. (B.) oralis, P. (B.) disiens and P. (B.) veroralis] had 12-methyltetradecanoic acid (Cantel 5 ) as the predominant fatty acid. Asaccharoclastic, blackpigmented organisms also tended to contain more 3-hydroxy-15-methylhexadecanoic acid (C3-OH-iso1 ,) than did saccharoclastic, non-pigmented species with the exception of P. (B.) heparinolytica and B. fragilis. This supported the proposed distinction between the Bacteroides-derived genera Porphyrornonas (Shah & Collins, 1988) and Prevotella (Shah & Collins, 1990) . The fatty acid profile of Porphyrornonas (Bacteroides) endodontalis was quite similar to that reported previously for P. (B.) endodontalis, P. (B.) gingivalis and P. (B.) asaccharolytica (Brondz et al., 1989a) . Multivariate fatty acid analyses have also distinguished Porphyrornonas species from other black-pigmented species such as Prevotella (Bacteroides) melaninogenica, P. (B.) interrnedia and B. leuii (Brondz et al., 1989a) .
Prevotella (Bacteroides) heparinolytica differed from the other non-pigmented, bile-sensitive, saccharoclastic species by having 13-methyltetradecanoic acid as its major fatty acid. It also contained large amounts of 3-hydroxy-15-methylhexadecanoic acid, as did black-pigmented species. However, PCA of the fatty acid content confirmed that P. (B.) heparinolytica is distinct from asaccharolytic species. It has been established previously (Okuda et al., 1985) that there are no antigenic or serological relationships between P. (B.) heparinolytica and other Bacteroides species. The sole characteristic that reliably differentiated this species from other nonpigmented saccharoclastic Bacteroides species was its heparain-degrading activity. The present study suggested that multivariate cellular fatty acid analyses could also be useful for this distinction.
Very few criteria are available for taxonomic distinction between Prevotella (Bacteroides) buccae, P. (B.) oris and P. (B.) oralis (Holdeman et al., , 1984 . Enzyme patterns have been useful in differentiating these species (Holdeman et al., 1984; Haapasalo, 1986) . Much confusion has existed as to the identification of P. (B.) oralis, and some strains previously referred to as P. (B.) oralis in the literature were, in fact, P. (B.) oris or P. (B.) buccae (Holdeman et al., 1984; Johnson & Holdeman, 1985) . B. pentosaceus and B. capillus appear to be synonyms of P. (B.) buccae (Holdeman et al., 1984; Johnson & Holdeman, 1985) . Further, it has been suggested that P. (B.) oralis is a non-pigmented variant of B. rnelaninogenica subs p. rnelaninogenica (Harding et al., 1976; Holbrook et al., 1977) . The similarity of P. (B.) oralis strains to P. (B.) rurninicola has also been noted (Sundquist, 1976) . P. (B.) veroralis is phenotypically quite similar to P. (B.) oralis (Watabe et al., 1983 ; Holdeman et al., 1984) . Helpful phenotypic characteristics to differentiate these species have been fermentation of aesculin and salicin by P. (B.) oralis but not by P. (B.) veroralis (Holdeman et al., 1984) . In the present study P. (B.) oralis and P. (B.) veroralis appeared to be clearly distinct. Our findings suggested that PCA of cellular fatty acids can assist in the differentiation of P. (B.) oralis from closely related species.
Identifying P. (B.) disiens may occasionally be problematic since this species has a sugar fermentation pattern quite similar to that of the black-pigmented P. (B.) corporis (Holdeman & Johnson, 1977; Holdeman et al., 1984) . Non-hydroxy straight-chain and branchedchain fatty acids in P. (B.) disiens were found by Mayberry (1980) to be similar to those in P. (B.) 
